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ABSTRACT

The aim of this study was to investigate the valitgbof the water exchanges in the
Curonian Lagoon based on the hydraulic regime &@&edatmospheric forcings. A finite
element hydrodynamic model has been applied toCim@nian Lagoon to simulate the
circulation patterns for ten years. With the hel@dransport-diffusion model the salinity
distribution and the renewal times of the Curoniagoon have been investigated when
forced by river runoff, wind and Baltic Sea leveldtuations. The hydrodynamic model

has been validated using in situ salinity measungésne

Model results show that the variability depends niyaion seasonal changes in
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hydrographic forcing and on the dominant wind reggnthat prevail over the Curonian
Lagoon. Exchanges between the southern and théemoripart of the lagoon mostly

depend on the wind forcing and are much less infted by the river discharge.

However, when looking at the water renewal time, mmost important factor is the river
discharge into the lagoon. Other physical forcingy/ marginally determine the renewal
time, and not even ice cover is able to influeric&ven if ice cover strongly inhibits the
exchanges between the southern and northern lagasrhasically not able to change the

absolute value of the renewal times.

Keywords Curonian lagoon, finite elements, numerical modglexchange mechanisms, renewal

time, ice cover

1 INTRODUCTION

Lagoons are the most productive coastal habitatseanh. They are, however, also
considered to be extremely vulnerable to human anpad future climate change. They
have crucial relevance what concerns ecologicaiasand economical importance, both
in a historical and present day (Gonenc and Wol#005). Lagoons show extremely
varying settings what concerns hydrological anddgical characteristics.

Lagoons depend crucially on the exchange of thaterg with the open sea. Especially in
lagoons with no freshwater inputs from the lane, ¢imly water renewal mechanisms are
the exchanges with the open sea. These exchamge®weerned by water level variations
(mainly tides and storm surges) and wind forcingpéeially in lagoons with more than

one inlet).

Morphological constrains, like channels, salt massbr solid boundaries could physically
divide tidal wetlands in different sub-basins (glgaranto Seas, Cardellicchio et al., 2015).
On the other end, multi-inlet lagoon systems (itke Venice lagoon in the North Adriatic)
can be roughly subdivided on the base of the tmtatber of main inlets (Ferrarin et al.,
2010).
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In lagoons with only one inlet and without internalorphological constrains its
hydrodynamics could be used to characterize segaktadomains. This is the case of the
Curonian Lagoon, a trans-national coastal systeaneshby Lithuania in the north and
Russia (Kaliningrad province) in the south. Thigdan can be formally divided in 2 sub-
basins (Ferrarin et al., 2008): a northern arelaeniced by both the fresh water flow and
the lagoon-sea exchange and a southern basin \wiidredynamics is mostly influenced

by the wind.

Understanding the degree and variability of watethange between the different sub-
basins is crucial for describing the temporal goatial ecological status lagoons (Lucas et
al., 2009; McLusky and Elliott, 2004; Andutta et @&014). Such a hydraulic partitioning is
often used to delineate administrative water basiitls different physical, chemical and
biological characteristics, as requested by theewktamework Directive (WFD), (CEC,
2000)

The Curonian Lagoon in this aspect is quite anie&ypagoon. It is characterized by the
fact that a major river directly discharges inte thasin, with a climatological average of
21.8 knt per year (700 fifs) (Jakimawuiius, 2012). This river input makes it basically a
fresh water lagoon. Other lagoons in Europe wisttrang fresh water discharge similar to
the Curonian lagoon are the Oder Haff in the sautlgaltic Sea (Radziejewska and
Schernewski, 2008) and the Razelm-Sinoe lagoorsyst the Danube delta (Vadineau et
al., 1997). The Curonian Lagoon is also charaadriby the absence of tidal action,

because tides in the eastern Baltic Sea are oigit@glmagnitude.

The Curonian lagoon has been studied by previoudetimg applications starting from
2008. Ferrarin et al. (2008) have studied the g#r®rculation of the Curonian Lagoon
with a 2D finite element model. They also studikd tesidence time distribution for one
year and finally used these results to carry ombrmation of the lagoon. Hydrodynamic
models focusing mainly on investigation of watenreats were developed for the
Curonian Lagoon by Davuliéret al. (2002), Raudsepp and Kouts (2002) and fereh
al. (2008).

In recent years the salinity distribution has betndied (Zemlys et al., 2013). In this
application the model SHYFEM (Umgiesser et al.,200as been applied in a 3D setup.
Even if the lagoon is rather shallow, a discretmabf the vertical dimension is needed to
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adequately describe the two-directional flow in Klaipeda Strait and the intermittent salt

water intrusion events into the lagoon.

In this study we use validated numerical modelsniestigate the seasonal and inter-
annual variability of the water exchange and waterewal time due to hydrological,
atmospheric and open sea forcings. The water rdriiene (WRT) has been studied with a
3D application of SHYFEM. It is therefore a new dmpment starting from the work of
Ferrarin et al. (2008) computing the WRTs in a 3Bde The work focuses especially on
forcing mechanisms that determine the exchangetlfadariability of fluxes and WRTs
over 10 years between 2004 and 2013.

2 MATERIALSAND METHODS
2.1 The Study Site

The Curonian Lagoon is a coastal lagoon createthéyong shore sediment transport in
the eastern Baltic Sea (Fig. 1). It is a transemati lagoon shared by Lithuania in the north
and Russia in the south. Its only inlet is situatethe northern (Lithuanian) part. The total
area of the lagoon is approximately 1584%kthe volume is 6.3 kfnits length is 93 km,

maximum width is 46 km in its southern part, andamdepth is 3.8 m (Zaromskis, 1996).

The dynamics is dominated by the river dischargh \&i climatological average of 21.8
km?®/year (700 ri¥s) (Jakimawiius, 2012). More than 90 % of this amount is cdmfied
by the Nemunas River that discharges into the akaird northern part of the lagoon.

Every year the rivers carries the amount of freabtewabout four times the lagoon volume.
Therefore, the southern and central parts of tgeda are freshwater (average annual
water salinity is 0.08 %o), while the northern phas an average annual water salinity of
2.45 %o, with irregular salinity fluctuations of up 7 %. due to Baltic water intrusion
(Dailidien¢ and Davulier, 2008).

Therefore the Curonian Lagoon is a transitory fnestler basin; and due to the inflowing
rivers the average water level in the lagoon ismradly higher compared to the sea level of
the Baltic Sea.
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2.2 Data

For the calibration and validation results of s&ima data set of daily measurements
performed by the Marine Research Department ofulaitian Environmental Protection
Agency, linked to the Lithuanian Ministry of Envimment, for the period 2004-2010 for
the northern part of the Curonian lagoon (Juodkrant Klaigda Strait) was used. Daily
river discharges were provided by Lithuanian hydreteorological service. The fresh
water input into the Curonian Lagoon was consideredhe sum of the discharge of its
major rivers (Nemunas near Smalininkai, Minija, §®3 Jira, Se3uvis, Deima)
(Jakimawvéius, 2012). In Fig. 2 (top panel) the Nemunas disgé together with the Minija
River is shown. Together both rivers make up mbent95 % of the total discharge into

the Curonian Lagoon (Zemlys et al., 2013).

Open sea boundary water temperature, salinity amgrwevels were obtained by three
different sources. For the year 2004-2006 the bapnddata was taken from the
operational hydrodynamic model MIKE21 provided khe tDanish Hydaulic Institute

(DHI). For the year 2007-2009 the data was obtalmedpatial interpolation of 1 nautical
mile spatial resolution forecasts by operationarbgynamic model HIROMB (Funkquist,

2003) provided by the Swedish Meteorological anditdipgical Institute. For the year

2010-2013 the data was taken from the model MOMdiMiexr Ocean Model) provided by
the Leibniz Institute for Baltic Sea Research inriiéaninde, Germany. Meteorological
forcing fields were obtained by forecasts of theeragional meteorological model

HIRLAM (http://www.hirlam.org provided by the Lithuania hydro-meteorologicalvsee

for the year 2009-2010. For other years data frampgean Centre for Medium-Range
Weather Forecasts (ECMWF, http://www.ecmwf.int) avased.

Finally ice data has been available only for tharge2007-2010. This data was provided
by the Marine Research Department of the Envirorirfeatection Agency of Lithuania.

Ice thickness and ice concentration has been daglgsured in 4 points inside the lagoon
(Juodkrant, Nida, Ven¢ and Uostadvaris, see Fig. 1 for the location efgtations). The

ice concentration is a value between 0O (ice fre) A (fully ice covered) and can be a
fractional number. The ice concentration for therge2007-2010 is shown in Fig. 2
(bottom panel). Please note that due to the sha#lew of the lagoon the freezing (and

melting) happens in a short period (days) and dheelagoon is frozen the ice is land



142 locked, not transmitting any wind stress to theartyihg water. The Baltic Sea has been
143 considered ice free for all the simulations.

144 2.3 Thenumerical modeling framework

145 The framework of numerical models (SHYFEMitp://www.ismar.cnr.it/shyfein was

146 applied to the domain that represents the Curob&goon and coastal area of the Baltic
147 Sea (Fig. 1). These models consist of a finite el@nB-D hydrodynamic model, a
148 transport and diffusion model and a radiation ti@mmodel of heat at the water surface.
149 SHYFEM was successfully applied to many coastal irenments (Ferrarin and
150 Umgiesser, 2005; Ferrarin et al., 2010; Bellafieteal. 2011; De Pascalis et al., 2011;
151 Ferrarin et al., 2013, Zemlys et al., 2013, Umgess al., 2014).

152 The model resolves the 3-D primitive equationstivally integrated over each layer, in
153 their formulations with water levels and transpofltse horizontal spatial discretization of
154 the unknowns is carried out with the finite elemen@thod, which is especially well suited
155 to describe the complex morphology of the investigacoastal system. In the vertical the
156 water depth is divided into terrain following signevels. For the computation of the
157 vertical viscosities and diffusivities a turbulerdesure scheme is used. This scheme is an
158 adaptation of the k-module of GOTM (General Ocean Turbulence Modebcdbed in
159 Burchard and Petersen (1999).

160 The presence of ice has been simulated by weighhtiegwind drag coefficient by the

161 fractional ice concentration. This correspondsdalisg the momentum input through the
162 surface by the area free of ice. Where ice conagoair equals 1 the momentum transfer to
163 the seais inhibited. No ice-ocean stress is censtdin this study. Ice concentration is also

164 used to properly calculate the albedo to be usdaeimeat flux model.

165 The model also solves the 3-D advection and diffusequation to compute water
166 temperature and salinity. The transport and difflasequation is solved with a first-order
167 explicit scheme corrected by a total variation distiing (TVD) method. A more detailed
168 description of the model equations and of the diszation method is given in Umgiesser

169 etal. (2004) and its 3D implementation to the @ian Lagoon in Zemlys et al. (2013).

170 The SHYFEM model has been applied previously toGleonian Lagoon and has been
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validated in previous works reproducing water lewshter temperature and salinity
fluctuations and the structure of the flow in théaideda Strait (Ferrarin et al., 2008;
Zemlys et al., 2013). The reader can refer to Zenelyal. (2013) for further details on

model application and validation in the Curoniamgdaan.

2.4 Renewal time computation

The computation of the water renewal time (WRT) e®n done according to the
methodology indicated in Takeoka (1984) and subsetymodifications in Cucco and
Umgiesser (2006) and Cucco et al. (2009). A coraem tracer is released in the whole
Curonian lagoon, with the exception of the BalteaSThe model solves the 3-D advection
and diffusion equation to compute the tracer disgleusing a first-order explicit scheme
based on the total variation diminishing (TVD) nathThe fate of this tracer is followed
and the WRT is computed either through integratioh the remnant function
(concentration divided by initial concentrationyaue between 0 and 1) or by fitting the
logarithm of the tracer value in every point taraight line (Umgiesser and Cucco, 2011).
The second method gives the possibility of shonigrhe simulations and stopping them
before the concentration arrives at very small @sltrhis procedure allows also restarting
the computation at given time periods. In our caséhave repeated the computation every

3 months trying to resolve the seasonal variabdftthe Curonian lagoon.

2.5 Simulation setup

In this application the numerical grid consists28f27 elements and 1309 nodes. The
resolution is much finer in the vicinity of the Kpeda strait. A part of the Baltic Sea shelf
has also been included in the numerical grid ireotd not disturb the computations of the
exchanges through the Klaipeda strait. In the e@lrta total of 12 sigma layers have been
inserted.

Several numerical simulations have been carriednothis study:

- ldealized simulations for investigate the role adffedent forcing on the water
exchange and energy content distribution.
- 10 years realistic simulations using hydro meteagicll forcing for the time period
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between 1 January 2004 and 31 December of the2(d&.

The characteristics of the performed simulatiomssaimmarized in Tab. 1. The simulation
called “Reference” is used as a base line agaih&athaall the other simulations have been
compared. A part from the ice cover, it is the datian which contains the complete

forcings.

The simulations have been carried out using a maxirime step of 100 s, and the model
adopts automatic sub-stepping over time to enfonomerical stability with respect to
advection and diffusion terms. The vertical vistpand diffusivity are computed by the k-
epsilon model GOTM, and the horizontal ones by aadminsky type closure with a
parameter of 0.2 according to the value used algtemlys et al. (2013). The bottom drag
coefficient has been set to a constant standarce\vafl 2.5 10-3. Finally, the wind drag is
being computed by the sea-air interaction model RBAFairall et al., 2003). Time-series

of observed ice concentration have been spatiatigrpolated onto the finite element grid.

3 RESULTS

3.1 Calibration and validation through salinity

Even if the calibration and validation has alredmBen carried out in a former work
(Ferrarin et al., 2008; Zemlys et al., 2013) wevslome more time the validation for the
salinity, because the numerical grid has changéddan the two applications. In Zemlys
et al. (2013) the resolution of the grid was mudclerf In the present application a coarser

resolution has been used because of the need theunodel for longer time periods.

To drive the model realistic forcing of boundarynddions (water levels, salinity,
temperature) and meteorological input has been tmedhe year 2004-2013. For the
calibration and validation of modeled salinity @adaet of daily measurements performed
by the Marine Research Department of Lithuania Emwment Ministry for the period
2004-2010 for the northern part of the Curoniarotag (Juodkrart and Klaigda Strait)

were available.

Statistical analysis results for salinity are répdrin Tab. 2 in terms of root-mean-square
error (RMSE, in %0) and correlation coefficient beem model results and observations
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(R). The results showed that the model with iceegitnuch better results compared to the
reference simulation. The correlation coefficieetviieen model results and observations
for the period 2007-2010 (when the realistic iceadeere used) is 0.64RMSE=2.3%o) in
Klaipeda Strait and 0.42(RMSE=2.1%o.) in Juodkrani. Still the comparison of results
with previous studies showed that the high resotuthodel does a better job in describing

salinity variations.

3.2 Exchange mechanisms between the northern and the southern lagoon

In a first set of sensitivity simulations the exega mechanisms between the northern and
southern part of the lagoon have been explorettast been studied how the physical

forcing influences and determines the circulatinod exchange in the lagoon.

A first simulation explores the dependence on wdireéction. The wind speed has been
fixed to 5 m/s which corresponds approximatelyh® long term average of winds from all
directions. No Nemunas river water discharge han beposed. Energy content (kinetic
and potential) and fluxes between different subAsabave been computed. The section
over which these fluxes have been taken is plo#tigdl black continuous lines in Fig. 1.

The results of this experiment are shown in Fig. 3.

Lagoon energy has been computed by excluding ideagea of the Baltic Sea, so only the
water circulation and setup of the water level desthe lagoon have been taken into
account. Energy is not equally distributed betwésnkinetic and potential part. The

potential energy is normally much higher than itseekic counterpart. This means that due
to the shallow nature of the lagoon the currentdgrdaute much less to the energy budget
with respect to the change in water level whichuawnalates potential energy inside the

lagoon.

The energy budget is symmetric with wind speed®mgosite directions (Fig. 3). The
minimum of potential energy correspond to arouncB0 270 degrees, which are easterly
and westerly winds. This direction corresponds tigmum fetch over the lagoon where
the wind can act to pile up the water on one sid¢he other. On the other side, wind
directions of 0 and 180 degrees (northerly andhslyt winds respectively) show highest
accumulation of potential energy. In this casepbtential energy is 50 times higher than
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in case of minimum potential energy (please natéddbarithmic scale in the figure).

Kinetic energy is differently distributed with wirgpeed. Its maximum is at around 50 and
230 degrees, which corresponds to NE and SW wKidstic energy is much less variable
when compared with the potential energy, and ltigher than potential energy only close

to where the minimum of potential energy occurs.

In the bottom panel of Fig. 3 fluxes over selecedtions (see Fig. 1 for the location of the
sections) are presented. Shown are absolute flgrpgspsitive and negative fluxes add up
to each other. Fluxes through the Klaipeda stnat maximum at around 100 and 270
degrees, which correspond roughly to the directibthe inlet that connects to the Baltic
Sea. Minimum fluxes occur with northerly and southevinds. The more southerly
situated section of Vente shows a similar form witgher fluxes, because much wider.
Fluxes through the Nemunas section and the Sowgghofa section show much higher
values, with maxima at around 30 and 200 degrdas.i$ the wind direction which favors
highest exchange between the northern and sousherbasin in the Curonian lagoon.

In another simulation only the Nemunas discharge been taken into account. The
simulation has duration of 250 days, while the Neasu discharge is continuously
increased until reaching the value of 2508smNo wind forcing has been applied. Results
are shown in Fig. 4. With a low Nemunas dischahgekinetic energy is higher than the
potential energy. This means that with low disckarthere is little piling up of the water
in front of the Nemunas delta and the water floveelfy in direction of the strait. At higher
discharges the ratio is reversed, and potentialggrigecomes more important, and at very
high discharges total energy consists basically amlpotential energy. This means that
due to the big water masses inflowing the watemoarireely flow to the strait but

accumulates close to the Nemunas Delta, contrigpudira rise in potential energy.

Fluxes for the same simulation are shown in FigNét surprisingly, the discharges
through Klaipeda strait, Vente and Nemunas secsbiosv exactly the same value than the
Nemunas discharge. Is however surprising that M@munas discharge only influences
marginally the fluxes through the South sectiomxEk still grow linearly with discharge,
but are much lower than through the other sectidhe.ratio between Nemunas and South

section is about 1/8.

10



286

287
288
289
290
291
292
293
294
295
296
297

298
299
300
301
302
303

304
305
306

307

308

309
310
311
312
313

3.3 General hydrodynamic features of the Curonian Lagoon

Here we describe some general features of the @urdragoon using the results of the
reference simulation. The focus is on the seasewv@lution of circulation and salinity. In
Fig. 5 the seasonal circulation is shown (averagesr 10 years). As can be seen the
average circulation (which corresponds to the tedidurrents) is very stable throughout
the seasons. In the north the current directiofras the Nemunas delta to the north,
eventually out of the lagoon. Only in the Klaipe&8&ait velocities of 15 cm/s are
exceeded. Velocities in the north are around 5 cand very low velocities can be found
in the southern part, around 2 cm/s. A cyclonicudation cell is found in all seasons in the
southern lagoon. Normally currents along the c@asst and east) are northward, and in
the central part they are flowing south. In summiree the northward flow is less strong,

and the cyclonic circulation cell is well developadhe south.

Fig. 6 shows the seasonal average salinity digtabwlose to the Klaipeda Strait. The
southernmost isoline always indicates the 1 %o liffiite strongest gradients can be found
close to the end of the strait, just before flowimig the Baltic Sea. The salinity gradient is
strongest in winter and spring time, but is quitabke throughout the year. Please
remember that this salinity distribution is the @age over many intrusion events, where

during these events, higher values can be founderke lagoon.

Finally, temperature distribution in the lagoon dilghout the year (not shown) is
horizontally homogeneous and follows the yearlyleyavith values between 0 and 25

degrees.

3.4 Renewal time variability

As described above the model has been appliedetcCtivonian Lagoon computing the

water renewal time (WRT). Every three months threeveal times are computed, and then
the concentrations are re-initialized in order tartsa new computation period. Renewal
times have been computed separately for the nortdned southern sub-basin, and for the
total basin. They have also been seasonally aveéraggr the 10 years of simulation. The

11
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result of this run can be seen in Fig. 7 and 8.

Fig. 7 shows the seasonal pattern of the WRT aeerager the 10 available years. In the
figure a logarithmic scale has been used in omé&etable to show the variability between
the short WRTs in the northern and the longer adneshe southern sub-basin. The
distribution is very similar between the differegiasons. During spring lower WRT can be
found close to the Nemunas outflow, due to the dnglischarge of the river. In summer
the highest values can be found in the south-wediasin, and also the eastern shore of
the southern lagoon has higher WRTs. However, Wleeage overall pattern does change
very little between seasons. In Fig. 8 the highalality of the WRT, both inter-annual and
intra-annual, can be seen. For both sub-basindMR& is always lowest during winter
time, and highest in the summer. The northern balo shows low WRT during the
spring period, when Nemunas discharge is highdst.sbuthern basin is not influenced by
the Nemunas discharge, as already pointed outdgirednen discussing the sensitivity

simulations.

The northern basin shows WRT of about 77 days (Babwhile the average for the
southern basin is nearly 200 days. This behavior alao be observed looking at the
frequency curves of the WRT (Fig. 9). These fregyecurves show the percentage of
water volume of a certain WRT value. The single V8Riave been averaged over the
proper season. Clearly visible in all seasonsaditist peak at around 50 days that is due to
the water masses in the northern basin. A secoak, jpredicating the water masses of the
southern sub-basin, is also visible during wini&Q(days) and autumn (around 280 days),
it is less pronounced in summer (broad peak atrat@00 days) and not visible for spring

time.

3.5 Ilcecover influence

As already mentioned the influence of ice covetlmnexchange capabilities and the WRT
has been studied. Results can be found in Tald.dhly the four years where ice cover
was available are studied (third column in thedghblk can be seen that the total WRT is
barely changing (148.8 days with respect to theresice value of 147.4 days). In the
southern basin changes are a bit higher (190.8wrlysespect to 186.6 days).

12
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The seasonal variability during the 4 years casd®n in Fig. 8. In the figure, the actual
ice cover has been inserted as a gray band. Thergim 2007 and 2008 are less severe
and hardly any difference in WRT can be found betwthe results without and with ice
cover. The winters of 2009 and 2010 led to a lomgerod of ice cover, and especially in
2010 some differences in WRT can be seen. As ex@adtRT, when considering ice
cover, goes up in the southern basin, but at threegane lower WRTs can be found in the

northern basin.

Finally, analyzing the frequency curves createdy daf the years 2007-2010, where ice
cover was available (Fig. 9, black lines), it beesralear that the first peak identifying the
northern basin is not changing, but the second péatound 150 days is lower and the
distribution is shifting to longer WRTs. This caa seen especially in the very long tail of

the winter with ice distribution that is very simnilto the distribution in summer times.

3.6 Dependence on other physical forcings

Since ice cover (and therefore wind forcing) did sleow a strong impact on WRT it was
reasonable to check what other factors would deterrthe renewal capabilities of the
Curonian lagoon. We decided to test three othesiphl forcing mechanisms that are
influencing the WRT, namely water level variatiansthe Baltic Sea, the inflow of the

Nemunas river and the role of baroclinic two-laffew in Klaipeda Strait.

The results of simulation, when the water leveiataons in the Baltic Sea are set to zero,
can be seen in Tab. 3 and in Fig. 10. Similar ceamg WRT can be found in the northern
lagoon (7%) and in the southern one (8%). Fluxesuthh the southern section are a little
more sensitive to the changes and amount to arb2%d However, as can be seen also in

Fig. 11, the changes are slight.

However, if the Nemunas river discharge is switchéd the picture changes radically.
Both from Tab. 3 and Fig. 10 it can be seen thatT@/Bhift to much higher levels. The
WRT in the northern basin becomes similar to thtiesan the southern one of the
reference situation (212 days), and the southesinlshows WRTs of more than 5 years
on average, with strong inter-annual changes. Heweéhie exchange between the northern
and the southern basin only changes by less than 2%

13
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Finally, a simulation has been carried out thattavas off the baroclinic contribution to
the equations. The results of this simulation aadicate how important the two-layer
density driven flow in the inlet is for the calctitan of the WRT. Results can be again seen
in Tab. 3. Changes with respect to the referenwailation are hardly noticeable, pointing

at the conclusion that density driven flow is mapbortant for the Curonian Lagoon WRT.

4 DISCUSSONAND CONCLUSIONS

The simulations that were carried out to studydixeamics of the Curonian Lagoon under
changing wind conditions indicated that there ave tmechanisms that have to be taken
into account. Minimum exchange between northern smuthern sub-basin takes place
with winds from N or S. These winds correspond tmiaimum exchange through the
Klaipeda Strait. This indicates that winds actwo tways: Either they enhance the water
exchange with the Baltic Sea, or they contributth®internal mixing and redistribution of

the water masses inside the lagoon.

The influence of the Nemunas on the internal waterulation is quite low, and it only
marginally influences the exchanges between ththeauand northern part. The Nemunas
River contributes mostly to kinetic energy undewédo discharges, but with high
discharges a water level gradient is building ug potential energy is becoming the major
energy contribution. The discharge where poteatia kinetic energy become similar is at
around 900 riis which is close to the climatological averagehef river discharge of 700
m%/s (Jakimawiius, 2012). Therefore average kinetic and potergizérgy due to the

Nemunas discharge are nearly equi-distributed.

The pattern of the WRT distribution between différseasons is very similar between
each other. The absolute numbers depend on therseagh spring showing low WRT

close to the Nemunas outflow and highest WRT instinehern basin during summer time.
This confirms the strong influence of the Nemurasihg on the WRT, especially in the

northern basin.

The inter-annual changes of the WRT show a cohgaietire. Lowest WRTs are always
during winter and spring, and highest during sumifiég. 8). The variability is much
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lower in the northern basin, where the inflow oé tNemunas is stabilizing the water
exchange. On the other hand, the only physicalirfgren the southern basin is the
meteorological forcing which may vary considerabBtween different years. As can be
seen from the figure, the summers of 2016, 20089 2ihd 2012 show large WRTS in the
southern basin, whereas the northern part only sdavminor increase due to the higher
importance of the Nemunas discharge.

It might also be interesting to compare the valokethe total WRT (152 days) to a gross
estimate of freshwater inflow into the lagoon. Tekevant indicator is the flushing time,
computed by dividing the volume of the lagoon bg fhesh water fluxes. This flushing
time gives the lowest possible time of exchangegmwbtonsidering complete mixing with
the lagoon waters. Inserting the numbers for theraye riverine discharges and the
average rain fall, the flushing time is about 1Hygifor the lagoon. This flushing number
still does not take into account the fluxes witle tBaltic Sea. This indicates a mixing
efficiency of 0.7. Taking into account also thex#s through the Klaipeda Strait, this

number will be even lower, and well in the rangetbfer lagoons (Umgiesser et al., 2014).

Ice cover, even if important for the exchange mitiside of the lagoon, does not influence
too much the WRT. As explained above, most of e twhen ice is present, it is land
locked, therefore inhibiting completely the momenttransfer between the atmosphere
and the water. Only during strong winters, when doger is lasting for a considerable
amount of time, the ice cover will be able to chatitge WRT. Two different effects can be
seen. While the WRT increases in the South, in Noeth it decreases. This can be
explained by the fact that water exchange betwbemorth and the south is decreasing.
Less fresh water from the Nemunas goes to the smatieasing the WRT there. However,
the fresh water that stays in the north contribtwelower WRTs there. Summarizing, the
WRT in the whole basin is changing very little, sivag that ice cover may inhibit the
exchanges inside the lagoon, but does not too nmftience the exchanges with the
Baltic Sea.

Other physical factors that may influence the WRSiribution are water level variations
in the Baltic Sea and the Nemunas discharge. Swwgobif the water level variation did
result in slightly smaller WRTSs in the basin (7-8%ihd exchanges between the southern
and northern basin were decreasing by around 1Q@$ain/this result is astonishing. Most
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lagoons throughout the world are dominated by tmlathange. Even in Mediterranean
lagoons, where tides can be classified as micid;tid is still the tide which mostly
controls the exchange with the open sea (Umgiedsair, 2014). However, in the eastern
Baltic Sea tides are negligible, and intermitteatev level changes are not strong enough

(or not frequent enough) to influence the watehexge with the Baltic Sea.

The strongest impact on the WRT distribution isreea by the Nemunas inflow. The
northern part of the lagoon shows WRTs of aroumdonths, whereas the in the southern
part the WRT increases to around 5 years on avebaggeen the years. As already
mentioned this is only due to the missing freshewatput of the Nemunas, and not to any
other mechanisms. If we compare the exchanges battie northern and southern basin
we can see that with respect to the reference atiool the exchange only decreases by
about 2%. Without the Nemunas discharge there ésetbre still enough exchange
between the basins. However, since there is nt fnegter in the northern part, there is
also nothing to be exchanged that might lower tH&T&/in the South.

In the last simulation we tested the contributiérihe two layer density flow through the
Klaipeda strait to the WRT distribution. The resuibhdicate a negligible effect of the
baroclinic flow. This is mainly due to three causEBse first is the fact that two layer flow
exists only in case of low barotropic forcing. Tére, when strong Nemunas discharge is
active, or when water level fluctuations in thetiBabea are important, the two layer flow
is destroyed. This was one of the main findinggemlys et al., (2013). The second cause
is the existence of a sill just inside the Curoria@goon, where the depth of the strait drops
from 15 meters in the strait to 5 meters in thetag The salt water normally does not get
over this sill but is trapped outside in the striihally, the third reason that the baroclinic
acceleration is less important is the fact thangglgradients in the Baltic Sea are much
weaker than in normal cases. Whereas in other sdbarsalinity gradient in the estuary is

up to 35 %o, here in the Eastern Baltic Sea it iy Grco.

Summarizing, the study has shown that the most itapbphysical forcing that influences
the WRT in the Curonian Lagoon is the Nemunas diggh Other mechanisms do
influence only the strength of exchange insidel#g®on, but not really contribute to the
exchange with the Baltic Sea. This is especiallg fior the ice cover which is influencing
the overall WRT only marginally. Therefore, if clte change effects have to be taken
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into account, WRT changes will be more likely imfhced by changing Nemunas
discharges than by change in ice cover.
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558 TABLES

559

Sensitivity simulations with idealized forcings

name period description

Wind 36 days Only wind forcing, the wind
rotates over 360 degrees

Discharge 250 days Only fresh water discharge,| the
discharge varies from 0 to 2500

m’/s

10 year simulationswith real forcings

name period description

Reference 10 years Reference simulation (used|also

for validation)

Ice 10 years As reference, but with ice cover
in the years 2007-2010

No Level 10 years As reference, but without water

level variation in the Baltic Sea

No River 10 years As reference, but without river
discharges
No Baroclinic 10 years As reference, but without

baroclinic forcing

560 Table 1: Summary of simulations carried out. Thistfiwo simulations are idealized
561 simulations to investigate the exchange capalsldiepending on wind and river discharge.
562 The other simulations are simulations with reatiiogs.
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Reference Ice 2004+ Ice 2007+ Ice 2009 2009 from

(without ice) | 2010 2010 Zemlys et

2004-2010 al., 2013
Klaipeda | R=0.584 R=0.596 R=0.641 R=0.675 |R=0.74
Strait RMSE=2.433| RMSE=2.386| RMSE=2.312| RMSE=2.131] RMSE=2.3
Juodkrante | R=0.398 | R=0.410 R=0.427 R=0.499 | R=0.67

RMSE=2.068| RMSE=2.024| RMSE=2.063| RMSE=1.759 RMSE=1.6

563

564 Table 2: Model validation results for salinity. @iv are correlation coefficients and root
565 mean square error in %o. The results refer to tfereace simulation, the simulation with
566 ice cover (10 years), only the 4 years where iogecavas available, only 2009 with ice

567 cover and results from the article Zemlys et 213).

568

569
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570
571
572
573
574
575
576
577

578

referencg Ice Ice Ice winter| No level No river No
2004-2014| 2007-2010| 2007-2010 baroclinic
WRT north| 76.5 76.3 79.7 51.9 81.7 211.8 76.7+21.4
[days] +21.3 +21.4 +26.3 +2.4 +24.8 +110.2
(80.4) (52.7)
WRT south| 193.5 195.1 190.8 175.6 208.8 1703.5 192.2
[days] +55.5 +55.0 +48.2 +33.1 +63.8 +1541.0 +55.3
(186.6) (158.6)
WRT total| 151.7 152.3 148.8 125.1 156.9 664.5 151.5
[days] +4455 | +45.2 +41.4 +20.3 +36.9 +371.7 +46.2
(147.4) (119.1)
Flux through| 1804.1 1751.4 1770.9 1615.8 1585.4 1834.3 1808.4
southern +467.5 +474.6 +557.1 +831.3 +461.5 +465.4 +464.0
section (1902.6) | (2088.2)
[m¥s]

Table 3: Summary of the results of the 10 year Ktrans. Shown are the renewal times

for the northern, southern and the whole basinthadbsolute fluxes through the southern

section together with their standard deviationssuRe are for the complete reference

simulation, for the 10 year simulation using icer&oin the 4 years where ice cover was

available, only for the 4 years with ice cover amdy the winter months with ice cover.

The other three columns refer to the simulatiorhwid water level variation in the Baltic

Sea, with no river discharge and with no baroclioicing. Numbers in brackets are the

values for the reference run only for the specifiedod.

23




579

580

581

582
583
584
585
586
587
588

589

FIGURES

Bathymetry [m]

0.0 2.0 40 6.0 8.0 10.0

— —
05§

55.50
=

Baltic Sea

55.25
—

55.00
==

ST'SS

00°SS

e —— e — . —— T— S—
20.50 20.75 21.00 21.25

Fig. 1. The setting of the Curonian lagoon showiitgdathymetry. Superimposed is the
used numerical grid. The thick black line indicaties division into northern and southern
sub-basin when computing the WRT. This section, egu@outhern Section, is also used
for computing the fluxes between the north andsth#th basins. The three thinner lines are
the other flux sections and are named (from narstlsauth) Klaipeda Strait, Vente, and
Nemunas. An asterisk marks the stations where ate llas been measured. (Juodkrante,

Nida, Vente, Uostadvaris).
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concentration in the years 2007-2010 (bottom) hi discharge panel only Nemunas and
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634 Fig. 10: Water renewal times for the northern, Beut basin. The WRT is computed every
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Results

forcing in the Baltic Sea. In the case of Klaipestiait also the fluxes computed with the

non baroclinic case have been added.

2009
Time [year]

2010 2011 2012 2013 2014

are shown for the reference run compardtesimulation with no water level

34



